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We can directly investigate the ground state in magnetization-plateau fields (plateau
ground state) using neutron diffraction measurements. We performed neutron diffrac-
tion measurements on the spin-5/2 trimer substance SrMn3P4O14 in magnetization-
plateau fields. The integrated intensities of magnetic reflections calculated using an
expectation value of each spin in a plateau ground state of an isolated-trimer model
agree well with those obtained experimentally in the magnetization-plateau fields. We
succeeded in direct observation of a plateau ground state in SrMn3P4O14.
1. Introduction
During typical quantum-mechanics calculations, we first calculate eigenstates and
eigenenergies of a model Hamiltonian and then calculate physical quantities such as
magnetization and specific heat. We compare the experimentally obtained physical
quantities of a substance and those calculated in a hypothesized model Hamiltonian.
Then we judge whether the hypothesized model is applicable to the substance. We do
not usually investigate the eigenstates themselves directly in experiments.
We can directly investigate a ground state in magnetic fields where a quantum
magnetization plateau appears (plateau ground state) using neutron diffraction mea-
surements as explained below.1 Before providing an explanation, we describe a quantum
∗HASE.Masashi@nims.go.jp
1/13
J. Phys. Soc. Jpn.
magnetization plateau.2, 3 The magnetization of a plateau ground state takes its maxi-
mum value because of the magnetic fields. Excited states cannot contribute to magne-
tization because of energy gaps separating the plateau ground state and excited states.
Therefore, magnetization cannot increase and the quantum magnetization plateau ap-
pears.
The existence of an energy gap is important for the occurrence of a quantum magne-
tization plateau. It can be confirmed using other methods. A zero-magnetization plateau
appears in spin systems possessing spin-singlet ground state(s) and a spin gap separating
the ground and first-excited states. Examples are Haldane substances,4, 5 the spin-Peierls
cuprate CuGeO3,
6 and the orthogonal-dimer compound SrCu2(BO3)2.
7 It is possible to
prove the existence of a spin gap explicitly by the exponential decay of magnetic sus-
ceptibility on cooling.7–10 Inelastic neutron scattering (INS) techniques are useful not
only for a spin gap generating a zero-magnetization plateau, but also for an energy gap
generating a finite-magnetization plateau. The existence of an energy gap generating
a finite-magnetization plateau was confirmed in NH4CuCl3,
11 Cu3(P2O6OD)2,
12 and
SrMn3P4O14.
13
In a plateau ground state, a magnetic moment on each site must be fully polarized
parallel and anti-parallel to external magnetic fields when 〈Sjz〉 value on the site is
positive and negative, respectively.14 Here, 〈Sjz〉 is an expectation value of spin on an
j-th magnetic-ion site in the plateau ground state. The full polarizations generate the
magnetization plateau. We can determine a value of gµB〈Sjz〉 (a value of a magnetic
moment) in magnetization-plateau fields from magnetic reflections obtained in neutron
diffraction measurements. Therefore, we can compare theoretical and experimental val-
ues of 〈Sjz〉, meaning that direct investigation of a plateau ground state can be done
through neutron diffraction measurements.
Magnetization plateaus, however, are usually apparent in high magnetic fields or
at extremely low temperatures. Therefore, neutron diffraction measurements of plateau
ground states are usually difficult. They have not been reported in the literature to
date.
A 1/3 quantum magnetization plateau is apparent between 2 and 10 T at 1.3 K in
insulating SrMn3P4O14.
15, 16 Therefore, it is possible to perform neutron diffraction mea-
surements of the substance in magnetization-plateau fields. Here, we describe the crystal
structure and magnetism of SrMn3P4O14. The space group is monoclinic P21/c (No.
14).15 The lattice constants at 4.0 K are a = 7.661(1) A˚, b = 7.784(1) A˚, c = 9.638(1)
2/13
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Fig. 1. (Color online) The spin system in SrMn3P4O14.
16 Mn2+ ions (3d5) have localized spin 5/2.
Two kinds of Mn sites (Mn1 and Mn2) exist. The major AF J1 interaction forms spin trimers as shown
by the ellipse. Considering Ji (i = 1 ∼ 4) interactions, we can explain a coplanar spiral magnetic
structure below TN = 2.2(1) K in the zero magnetic field.
17 The values on Mn sites show 〈Sjz〉 in the
plateau ground state in the isolated trimer. Arrows depict schematically magnetic moments (gµB〈Sjz〉)
in the plateau ground state obtained in the present study.
A˚, and β = 111.70(2)◦.17 Two Mn2+ sites (Mn1 and Mn2) exist as presented in Fig.
1. The electron configuration in Mn2+ ions is 3d5. Anisotropy in exchange interactions
is caused by the spin-orbit interaction and a low symmetry of crystal fields. The spin
value on Mn2+ ions in this substance is 5/2.16 Therefore, the orbital moment is 0. The
spin-orbit interaction and single ion anisotropy do not exist. The g-value is isotropic and
about 2. We evaluated experimentally that the powder-average g-value was 1.98 from
the saturated value of magnetization (4.95µB per Mn). The Mn atoms are coordinated
octahedrally by six oxygen atoms. The symmetry of crystal fields affecting the Mn2+
ions is nearly cubic. Accordingly, the anisotropy in exchange interactions of Mn spins
in this substance is expected to be small. We can consider that spin-5/2 on Mn2+ ions
is a Heisenberg spin.
We can explain magnetizations16 and magnetic excitations observed in INS exper-
iments13 using an isolated antiferromagnetic (AF) Heisenberg spin-5/2 trimer. The
trimer indicated by the ellipse in Fig. 1 is formed by the AF J1 interaction. The
value of J1 was estimated as 3.4 ∼ 4.0 K.
13, 16 A coplanar spiral magnetic structure
appears below TN = 2.2(1) K in the zero magnetic field.
17 Therefore, other exchange
interactions are not negligible. The spiral magnetic structure results from frustration be-
tween nearest-neighbor and next-nearest-neighbor exchange interactions in the trimer-
ized chain formed by Ji (i = 1 ∼ 4) interactions.
In the isolated-trimer model, states with 〈(ST)2〉 = 5
2
(5
2
+1) and E/J1 = −15 are six-
folded ground states in 0 T where ST and E represent the sum of three spin operators
in a trimer and eigenenergy per three spins, respectively. In magnetic fields up to 10 T,
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one ground state with 〈STz 〉 = 5/2 is the unique ground state. In the ground state, each
〈Sjz〉 value was calculated as 〈S1z〉 = −25/14 and 〈S2z〉 = 15/7 on Mn1 and Mn2 sites,
respectively. As shown in Fig. 1, the spin on Mn1 (Mn2) site is anti-parallel (parallel)
to magnetic fields in magnetization-plateau fields. Therefore, the 1/3 magnetization
plateau appears (〈STz 〉 = 〈S1z〉+ 2〈S2z〉 = 5/2).
We performed neutron diffraction measurements of SrMn3P4O14 in magnetic fields.
In analyses, we assumed that the plateau ground state in SrMn3P4O14 was close to that
in the isolated AF spin-5/2 trimer. Experimental integrated intensities of magnetic
reflections are consistent with integrated intensities of magnetic reflections calculated
using 〈Sjz〉 values expected in the isolated trimer (〈S1z〉 = −25/14 and 〈S2z〉 = 15/7).
2. Methods of Experiments
Single crystals of SrMn3P4O14 were synthesized under hydrothermal conditions at
473 K. Details of the synthesis have been reported elsewhere.15 Each crystal was small.
For that reason, we pulverized crystals. We entered powders in paraffin molten by
heating and embedded the powders in solid paraffin. We measured magnetizations of
the powders embedded in solid paraffin up to H = 5 T and down to 1.8 K using
a superconducting quantum interference device (SQUID) magnetometer (MPMS-5S;
Quantum Design).
We conducted neutron diffraction experiments at the Swiss spallation neutron source
(SINQ) in Paul Scherrer Institut (PSI). We used the high-resolution powder diffractome-
ter for thermal neutrons HRPT.18 The wave length λ was 2.45 A˚. Magnetic fields of
0 - 6 T were applied almost perpendicular to the scattering plane using a supercon-
ducting magnet. The deviation from 90◦ of the angle between the scattering vector
Q and magnetic field H is less than 6◦ (cos 6◦ = 0.995). We used pressed pellets of
SrMn3P4O14 to minimize the problem of powder realignment in strong magnetic fields.
We performed Rietveld refinements of the crystal structure using the FULLPROF Suite
program package,19 using its internal tables for scattering lengths.
3. Results and discussion
The circles in Fig. 2(a) show a neutron diffraction pattern of SrMn3P4O14 pellets
at 20 K in 0 T (paramagnetic state). We performed Rietveld refinements of the crystal
structure. We assume that directions of domains are randomly distributed both in the
present (pellet) and previous (powder) samples.17 The line on the experimental pattern
4/13
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Fig. 2. (Color online) Neutron diffraction patterns of SrMn3P4O14 pellets measured using the HRPT
diffractometer (λ = 2.45 A˚). (a) Circles show a diffraction pattern measured at 20 K in 0 T. Lines on
the measured pattern and at the bottom portray a Rietveld refined pattern and the difference between
the measured and the Rietveld refined patterns, respectively. Hash marks represent the positions of
nuclear reflections. (b) Neutron diffraction patterns at 1.6 K in 0 and 6 T.
indicates the result of Rietveld refinements. It can explain the experimental pattern.
Structural parameters obtained in the present refinements are consistent with those
obtained in the previous refinements. Therefore, no alignment of powders occurs in
producing the pellets. Figure 2(b) shows diffraction patterns of pellets at 1.6 K in 0
and 6 T. The two diffraction patterns are mutually close at high angles, indicating that
no alignment of powders in the pellets occurs by application of magnetic fields.
Figure 3 depicts fragments of neutron diffraction patterns of SrMn3P4O14 pellets at
1.6 K in several magnetic fields. Open blue circles under the patterns denote positions of
major magnetic reflections generated by the spiral magnetic structure.17 The intensities
decrease concomitantly with increasing magnetic field H and disappear in H ≥ 0.3 T.
The positions of the magnetic reflections are independent of H . The spiral magnetic
order results from the AF J1 interaction (3.4 ∼ 4.0 K) and other weaker interactions in
5/13
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Fig. 3. (Color online) Neutron diffraction patterns of SrMn3P4O14 pellets at 1.6 K in several mag-
netic fields measured using the HRPT diffractometer (λ = 2.45 A˚). Open blue circles represent positions
of major magnetic reflections generated by the spiral magnetic structure. Closed red circles represent
positions of major magnetic reflections with integer indices appearing in H ≥ 0.05 T.
the quasi-one-dimensional system in Fig. 1. The order is easily destroyed by the weak
magnetic fields.
Closed red circles under the patterns in Fig. 3 indicate positions of major new mag-
netic reflections with integer indices appearing in H ≥ 0.05 T. Figure 4 shows the
integrated intensity of the (0 1 1) reflection at 2θ = 24.1◦. Figure 4(a) shows that the
intensity is strong in high magnetic fields and at low temperatures. Figure 4(b) shows
that the intensity at 1.6 K (open red circle) increases concomitantly with increasing H
and that it is almost independent of H above 2 T. The H dependence is similar to that
of square of magnetization measured at 1.8 K (closed blue circle). Therefore, the new re-
flections are correlated with the 1/3 quantum magnetization plateau. Figure 4(c) shows
that the intensity in 6 T (open red circle) decreases with increasing temperature T and
that it is negligible at 20 K. The T dependence of a normalized order parameter is usu-
ally expressed as (1− T/Tc)
β (0 < β < 1) just below a transition temperature Tc. The
T dependence of the intensity in 6 T differs from that of an order parameter, indicating
that no phase transition occurs. The state in H ≥ 0.3 T is a polarized paramagnetic
state without spontaneous magnetic order. The magnetic reflections are generated by
magnetic moments aligned parallel or anti-parallel to the applied magnetic fields. The T
dependence of the (0 1 1) intensity is inconsistent with that of square of magnetization
measured in 5 T (closed blue circle). Magnetic reflections are generated by static mag-
netic moments, whereas magnetization is determined both by static magnetic moments
6/13
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Fig. 4. (Color online) (a) The integrated intensity map of the (0 1 1) reflection in the T −H plane.
The right panel shows intensity in arbitrary units. (b) The magnetic-field dependence of the integrated
intensity of the (0 1 1) reflection at 1.6 K (open red circle). Closed blue circles show the square of
magnetization measured at 1.8 K. (c) Temperature dependence of the integrated intensity of the (0 1
1) reflection in 6 T (open red circle). Closed blue circles represent square of magnetization measured
in 5 T.
and paramagnetic components. Therefore, the inconsistency appears. In Fig. 3, diffuse
scattering is apparent at 2θ = 20 ∼ 34◦ in low magnetic fields, but it disappears in
H ≥ 1 T. The diffuse scattering stems from short-range magnetic correlations in the
low-dimensional spin system. With increasing magnetic field, the short-range magnetic
correlations are weakened and are replaced by long-range magnetic correlations (the
polarized paramagnetic state).
We obtained integrated intensities of nuclear reflections in the diffraction pattern at
1.6 K in 0 T. We calculated integrated intensities of nuclear reflections [IN(Q)] using
7/13
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the following.
IN(Q) = A|FN(Q)|
2nQ
1
sin 2θ sin θ
. (1)
Therein,
FN(Q) =
∑
j
bj exp(iQ · rj) exp(−Bj
sin2 θ
λ2
). (2)
A is a scaling coefficient. nQ is the number of reflections having the same intensity and
|Q|. bj is a scattering length of the j-th site atom. The values of bj are 7.02 × 10
−13,
−3.75× 10−13, 5.13× 10−13, and 5.81× 10−13 cm for Sr, Mn, P, and O, respectively.20
rj is the position of the j-th site atom. Bj is an atomic displacement parameter. We
used atomic positions and values of Bj determined in Rietveld refinements for a neutron
diffraction pattern at 4.0 K in 0 T.17 Figure 5(a) portrays integrated intensities of nu-
clear reflections in the diffraction pattern at 1.6 K in 0 T versus corresponding calculated
integrated intensities of nuclear reflections at 2θ < 55◦. We obtained A = 2.25 × 1024
cm−2.
We obtained integrated intensities of reflections in the diffraction pattern at 1.6 K
in 6 T. The intensities include nuclear and magnetic contributions. We defined that
the difference of intensities between 6 T and 0 T at each reflection was an integrated
intensity of a magnetic reflection in magnetization-plateau fields. We calculated the
integrated intensities of magnetic reflections [IM(Q)] in a neutron powder diffraction
pattern using the following:
IM(Q) = A|FM(Q)|
2nQ
1
sin 2θ sin θ
, (3)
where
FM(Q) = −
g
2
γe2
mec2
∑
j
f(Q)j〈Sjz〉 exp(iQ · rj) exp(−Bj
sin2 θ
λ2
). (4)
The g value is 1.98. The value of γe
2
mec2
is 5.39 × 10−13 cm. f(Q)j is a magnetic form
factor of a j-th site ion.21 The direction of magnetic fields is always almost perpendicular
to Q in the experimental setup. As described, in a plateau ground state, a magnetic
moment on each site is fully polarized parallel and anti-parallel to external magnetic
fields. Therefore, magnetic moments are always almost perpendicular to Q. In Eq. (4),
we can input the scalar 〈Sjz〉 instead of the vector Sj⊥Q (components of S perpendicular
to Q).
We assume that the plateau ground state in SrMn3P4O14 is close to that in the
8/13
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isolated AF spin-5/2 trimer as shown by the ellipse in Fig. 1. As described previously,
in the plateau ground state in the isolated trimer, 〈S1z〉 = −25/14 on Mn1 site and
〈S2z〉 = 15/7 on Mn2 site, satisfying 〈S
T
z 〉 = 〈S1z〉 + 2〈S2z〉 = 5/2. In a classical per-
spective, where magnitude of spin is constant, 〈S1z〉 = −5/2 and 〈S2z〉 = 5/2, also
satisfying 〈STz 〉 = 5/2. We can calculate integrated intensities of magnetic reflections
without any refined parameters except for assumptions of 〈Sjz〉 values. Figure 5(b)
presents calculated results versus experimental integrated intensities of magnetic re-
flections at 2θ < 55◦. The calculated results of the isolated trimer model agree well
with the experimental results, whereas the calculated results of the classical model are
larger than the experimental results. The value of 〈STz 〉 is constrained to be 5/2 because
of the 1/3 quantum magnetization plateau. In the constraint, the calculated intensity
of each magnetic diffraction decreases monotonically with decreasing 〈S2z〉 value. The
set of 〈S1z〉 = −25/14 and 〈S2z〉 = 15/7 is a unique solution that can explain the
experimental results within experimental errors. Agreement between experimental and
calculated results indicate that the plateau ground state in SrMn3P4O14 is close to that
in the isolated AF spin-5/2 trimer and that the ground state is almost unchanged by
the other exchange interactions, except for the J1 interaction.
We succeeded in direct observation of the plateau ground state in SrMn3P4O14.
Direct observation of the ground state was also conducted in Ca3CuNi2(PO4)4 in 0
T.22–24 The spin system is weakly coupled Ni-Cu-Ni trimers. In an isolated Ni-Cu-Ni
trimer with single ion anisotropy d(SNiz)
2 (d < 0), the ground states in the zero field
are a doublet with 〈STz 〉 = ±3/2. In the realistic model including effects of molecular
fields from neighboring trimers, the unique expectation values of spin were calculated as
〈SNiz〉 = 0.9 and 〈SCuz〉 = −0.3. Ca3CuNi2(PO4)2 shows an AF order with an unusual
multi-k magnetic structure below TN = 20 K. The calculated expectation values of spin
are in 10 % accuracy in agreement with experimental values of ordered spins.
In SrMn3P4O14, the magnitudes of the ordered moments are 3.44 and 3.56 µB on
Mn1 and Mn2 sites, respectively, at 1.5 K in 0 T.17 The ordered moments on Mn1
and Mn2 sites are almost mutually anti-parallel. The magnitude of the Mn1 moment is
close to gµB|〈S1z〉| = 3.54µB, whereas the magnitude of the Mn2 moment is smaller than
gµB|〈S2z〉| = 4.24µB. The sublattice magnetizations are not fully saturated at 1.5 K.
17
The ground states in the isolated Mn2-Mn1-Mn2 trimer is six-folded in 0 T. Therefore,
the ground states with 〈STz 〉 = ±3/2 or 〈S
T
z 〉 = ±1/2 might affect the experimental
values of the magnetic moments.
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Fig. 5. (Color online) (a) Integrated intensities of nuclear reflections in the diffraction pattern at
1.6 K in 0 T versus calculated integrated intensities of nuclear reflections at 2θ < 55◦. (b) Integrated
intensities of magnetic reflections calculated for 〈S1z〉 = −25/14 and 〈S2z〉 = 15/7 (red) and 〈S1z〉 =
−5/2 and 〈S2z〉 = 5/2 (blue) versus experimental integrated intensities of magnetic reflections at
2θ < 55◦.
4. Conclusion
We performed neutron diffraction measurements on SrMn3P4O14 pellets in magnetic
fields to investigate the ground state in magnetization-plateau fields directly. The spin
system is weakly coupled spin-5/2 trimers. Magnetic reflections indicating the occur-
rence of the coplanar spiral magnetic structure disappear in weak magnetic fields of
H ≥ 0.3 T. The result is consistent with the generation of the magnetic structure by
weak exchange interactions (4.0 K at most) in the quasi-one-dimensional spin system.
New magnetic reflections with integer indices appear inH ≥ 0.05 T. They are correlated
with the 1/3 quantum magnetization plateau. The temperature dependence of the inte-
grated intensity of the new magnetic reflections differs from that of an order parameter.
Therefore, the state inH ≥ 0.3 T is a polarized paramagnetic state without spontaneous
magnetic order. The integrated intensities of the magnetic reflections calculated using
10/13
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the expectation values of spins in the plateau ground state in the isolated-trimer model
agree well with those obtained experimentally in the magnetization-plateau fields. We
succeeded in direct observation of the plateau ground state in SrMn3P4O14.
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